We report on a high reflectance low resistance multilayer contact to p-GaN composed of a thin oxidized Ni/Au bilayer overcoated with a thick Al or Ag layer and then capped by Ni/Au. Measurements on 500 m diameter light emitting diode-like test structures show an operating voltage below 4 V at 20 mA that is comparable to identical devices fabricated with a conventional Ni/Au contact. Back surface light emission is about 70% greater than that from devices with the Ni/Au contact due to lower light absorption by the Al or Ag. Performance for both Al and Ag based contacts is stable at temperatures of up to around 100°C.
The progress of high brightness and large area GaN based light emitting diodes ͑LEDs͒ depends on device and package improvements. Expanding the active device area with small adjustments in existing chip designs is insufficient to meet high brightness, high reliability requirements. 1 A complementary approach for devices grown on sapphire substrates is to employ the flip-chip configuration in which the device is flip-chip mounted on metal heat sinks and emitted light is collected through the sapphire rather than through a semitransparent current spreading layer ͑CSL͒ on top of the p-GaN. 2 This arrangement has several advantages versus the conventional top-emission orientation. First, a much thicker metal layer can be used, reducing the current density within the CSL and leading to improved device reliability. Second, the thermal resistance of the device can be reduced, resulting in lower current-induced self-heating particularly at higher applied current levels. Third, the p-contact itself can be reflective, thus eliminating any absorption of the CSL, and the need of an extra metal reflector at the backside of the LED substrate. Thus, the design of a low-resistance, high reflectivity p-GaN contact is a critical design issue for large area flip-chip LEDs.
The conventional p-GaN contact structure is a Ni/Au bilayer composed of several hundred angstroms of each material annealed at around 500°C under nitrogen. 3, 4 This contact exhibits good electrical characteristics but is a poor reflector at visible wavelengths. It averages only 31% reflectance from 470 to 520 nm in a flip-chip configuration, as modeled with the commercial software, TFCalc. While Al and Ag have been suggested and used by others as the principal constituents of a reflective p-GaN contact, no quantitative evaluations have been published to date. 1, 5 Ag and Al are the best metallic reflectors at visible wavelengths, with Ag averaging 96% and Al averaging 84% reflectance in this configuration from 470 to 520 nm for 1200-Å-thick layers.
However, Al is known to be a poor contact material to p-GaN. The Ag to p-GaN contact is described qualitatively as ohmic but the stability of its electronic characteristics is sensitive to the contact and device processing parameters. 5 We have shown previously that composite multilayer contact structures can produce significant improvement in both electrical and optical device characteristics simultaneously. 6 We now show that by introducing a thin oxidized Ni/Au bilayer (NiOϩAu) between the p-GaN and the reflective layer, we obtain both low contact resistance and high optical reflectivity. We report on the electrical and optical performance characteristics of Al-and Ag-based contact structures for potential application in flip-chip InGaN/GaN LEDs.
The devices used in this work were fabricated using commercial grade InGaN/GaN multiple quantum well ͑MQW͒ LED wafers. The epimaterials are grown by metalorganic chemical vapor depositon on a ͑0001͒ sapphire substrate and consist of the following layers: a low temperature undoped GaN buffer layer; a 3-m-thick n-type GaN:Si layer; a MQW active layer consisting of undoped InGaN wells and Si-doped GaN barriers; a p-type Mg-doped 100-nm-thick AlGaN barrier layer; and a 0.5-m-thick p-type Mg-doped GaN cap layer ͑low 10 17 /cm 3 ). As listed in Table I , we examined four different contact designs. Sample A is the conventional Ni/Au configuration ͓GaN/Ni ͑200 Å͒/Au ͑1200 Å͔͒ annealed at 400°C under nitrogen. Sample B used Ag in direct contact with the GaN ͓GaN/Ag ͑2000 Å͒/Ni ͑200 Å͒/Au ͑1200 Å͔͒ to obtain the highest possible contact reflectance. We did look at a contact structure with Al in direct contact with the GaN ͓GaN/Al ͑2000 Å͒/Ni ͑200 Å͒/Au ͑1200 Å͔͒ but observed an extremely high contact resistance, as expected. Sample C ͓GaN/NiO ͑50 Å͒ϩAu ͑50 Å͒/Ag ͑1500 Å͒/ Ni ͑200 Å͒/Au ͑1200 Å͔͒ and sample D ͓GaN/NiO ͑50 Å͒ϩAu ͑50 Å͒/Al ͑1500 Å͒/Ni ͑200 Å͒/Au ͑1200 Å͔͒ used a composite structure where the initial thin layer of Ni/Au is annealed under water vapor at 500°C to form the NiOϩAu layer before the deposition of the subsequent Ag or a͒ Electronic mail: hplee@uci.edu APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 2 14 JULY 2003
Al layer. The intermediate NiOϩAu base layer creates a nearly transparent contact layer to the p-GaN exhibiting lower contact resistance compared to the Al or Ag alone while still permitting their excellent reflectance to be exploited. Although the NiO itself is transparent in the bluegreen wavelength region, the presence of the Au causes some absorption in the layer. We did investigate a similar composite contact with a Au-free NiO base layer but found its electrical characteristics extremely poor. Others have also shown the Au is required to create the annealed microstructure that results in low contact resistance to p-GaN. 7, 8 For systems B, C, and D, the thickness of the Ag or Al layer is greater than 1200 Å, the minimum required for maximum blue-green reflectance. The topmost Ni/Au bilayer allowed consistent electrical contact. Our fabrication sequence is as follows: rinse samples in acetone, methanol, and de-ionized water; electron-beam evaporate the thin Ni/Au bilayer, as needed; oxidize that layer; evaporate the subsequent metal layers; and finally create the contact structure of 0.5 mm diameter circular dots by wet chemical etching.
Both I -V and electroluminescence measurements were obtained using a wafer-level probing technique detailed previously. 9 The contact probe apparatus is shown schematically in Fig. 1 . It consists of three spring-loaded probes with about 1 mm spacing between each. A high voltage is first applied between contact 2 and 3 yielding very low leakage current due to high resistivity of the p-GaN layer. When that applied voltage (ϳ70 V) exceeds the sum of the turn-on and breakdown voltages of the two p -n junctions below those probes, junction breakdown occurs and current suddenly flows through the back-to-back junctions through the lower resistance n-GaN layer. The sudden surge in current causes permanent damage to both junctions at localized spots immediately under the probes, and the resulting I -V behavior between probes 2 and 3 becomes ohmic. In this way, electrical contact to the n-GaN layer is achieved without further device processing. The electrical characteristics between contact 1 and 2 resemble that of a LED where the flow of current, and hence, the electroluminescence are confined to the region directly underneath the circular dots. This method has been demonstrated to be reliable and provides results consistent with those from fully processed LED structures. 9 Using this arrangement, I -V data were collected from multiple devices on the same wafers with an HP 4145 semiconductor parameter analyzer. The intensity of the backside emission from each device ͑through the sapphire͒ was also collected. Figure 2 shows the representative I -V curves for samples A-D averaged over at least three devices each. It can be seen that samples C and D, which employ the NiO ϩAu base layer, yield the lowest contact resistance. This is consistent with previous reports by our group and others that the electrical characteristics of the NiOϩAu layer are superior to conventional Ni/Au. 6, 7 Sample A with the conventional Ni/Au bilayer exhibits a higher contact resistance while the value for sample B with direct Ag contact to p-GaN is even higher.
Representative curves showing the emitted light intensity as a function of applied current (L -I) for samples A-D are shown in Fig. 3 for LEDs with emission wavelength near 525 nm. All data shown are averages of multiple measurements on three identical devices. The linear L -I characteristics show that current induced self-heating is negligible at the applied current density. The ratio of light intensity for the Ni/Au baseline compared to the Ag and NiOϩAu/Ag samples ͑A, B, and C͒ is approximately 1:2.0:1.7. As expected, the Ag contact layer results in a dramatic improvement in total light output and the intermediate NiOϩAu layer attenuates that enhancement due to absorption by the Au. For comparison, we estimate the measured light output, L, based on the multiple Fresnel transmissions and reflections at normal incidence ͑see Fig. 1͒ , using the following equation:
where T 1 and R 1 are the Fresnel transmittance and reflectance (ϳ7%) at the sapphire/air interface, respectively, R 2 is the simulated reflectance for the corresponding contact configurations that we have investigated, and I is the total emitted intensity. We neglect the reflections at the GaN/sapphire interface. In estimating R 2 for sample C, we have used a homogenous Au layer with thickness of 50 Å without considering the actual nonhomogenous microstructure of Au particles in a NiO matrix. 10 This simple model yields a ratio for samples A:B:C of 1:1.6:1.5 near 525 nm based on modeled R 2 values of 32%, 96%, and 90%, respectively. In addition, surface roughness at the sapphire/air interface will mean a lower value for R 1 than the value we used in the estimation. This will give higher relative emission intensities than the estimated values for samples B and C, and hence a closer agreement with measured data. The emission wavelengths for devices A, B, and C are shown in the inset of Fig.  2 . The observed variation of peak emission wavelength for our test devices (Ϯ15 nm) is within the normal specified range for a commercial 2 in. InGaN/GaN LED wafer. We found no significant correlation between peak wavelength variation and device performance. The change in I -V characteristics is consistent with the change in contact materials. The small difference in peak wavelength does not account for the magnitude of the observed difference in light emission among devices. 11 Electromigration and corrosion of the Ag and Al layers are generally recognized as significant potential problems for contact systems based on these metals. Therefore, we compared the performance of samples C and D as deposited and after annealing for 10 min. under nitrogen at 100 and 200°C. The 100°C exposure caused no measurable changes. The 200°C anneal resulted in significant degradation for both samples accompanied by a visible change in surface texture and color. Photomicrographs of sample C in all three annealing conditions are shown in the inset of Fig.  3 . I -V data for samples C and D after the 200°C anneal are shown in Fig. 2 as curves CЈ and DЈ, respectively. Light emission was reduced by 25% for both samples after annealing at 200°C. Analysis by energy dispersive x-ray spectroscopy indicates interdiffusion of the metal constituents is causing the observed change. Further studies are needed to determine if barrier layers can be introduced to prevent this migration without increasing contact resistance or decreasing light output.
In summary, we have demonstrated that a composite contact structure composed of a NiOϩAu base layer overcoated with either Ag or Al and then capped with a Ni/Au bilayer simultaneously exhibits superior I -V characteristics and greatly enhanced optical performance in comparison to a conventional thick Ni/Au contact in the flip-chip configuration and is stable at operating temperatures of up to 100°C.
